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We discuss the design of quantum hybrid inertial sensor that combines an optomechanical inertial
sensor with the retro-reflector of a cold atom interferometer. This sensor fusion approach provides
absolute and high accuracy measurements with cold atom interferometers, while utilizing the op-
tomechanical inertial sensor at frequencies above the repetition rate of the atom interferometer. This
improves the overall measurement bandwidth as well as the robustness and field deployment capa-
bilities of these systems. We evaluate which parameters yield an optimal acceleration sensitivity,
from which we anticipate a noise floor at nano-g levels from DC to 1 kHz.
INTRODUCTION
When compared to drift-prone relative measurement
devices, the accuracy and long-term stability offered by
atom interferometers make them optimal devices for mea-
suring accelerations in a wide field of applications rang-
ing from gravimetry [1–5] and civil engineering [6] to
inertial navigation [7–9]. However, for many applica-
tions, the measurement bandwidth of atom interferome-
ters, typically 0.25− 4 Hz [10, 11], presents a real limita-
tion. During the finite time required to measure accelera-
tion with atom interferometers, retro-reflector dynamics
with frequencies higher than the measurement cycle fre-
quency (fc), couple into the interferometer and manifest
as inertial noise in the measured matter-wave phase [12].
The bandwidth of atom interferometers is limited further
by measurement dead-times, such as atom trap loading,
state selection, and detection.
To address the effect of this external motion, efforts
have been made to attenuate the high-frequency acceler-
ations that couple into the system by using vibration iso-
lation systems [13, 14], or through post-correction with
external classical sensors that track the retro-reflection
mirror movement during measurement [15]. Vibration
isolation systems, although effective in laboratory con-
ditions are large, bulky and limited in dynamic range;
which prohibits operation in extremely high-noise and in
micro-g environments . This frustrates efforts to reduce
the size, weight, and power (SWAP) of atom interferom-
eters for field use. Additionally, these approaches do not
increase the measurement bandwidth of the sensor but
instead focus on reducing the inertial noise.
Hybrid sensing offers a solution by combining the sig-
nal from a high bandwidth relative sensor with the abso-
lute measurement of the atom interferometer, effectively
creating a sensor with both high observation bandwidth
and long-term stability [8, 16]. However, hybrid sens-
ing requires accurate knowledge the mechanical transfer
function between the relative sensor and atom interfer-
ometer signal, otherwise the hybrid sensor will suffer from
reduced performance [17]. This can be challenging if the
parameters of this transfer function change dynamically.
Prototype electrostatic accelerometers [18] which directly
combine the test mass with the retro-reflector of the
atom interferometer have been demonstrated [19], how-
ever, such sensors are susceptible to external magnetic
fields which are required to operate the atom interfer-
ometer, thus requiring additional shielding. Previously,
optomechanical sensors have been utilized to show atom
interferometer post-correction in a proof-of-principle ex-
periment [20], however the sensors utilized here were not
designed for atom interferometry and therefore suffered
from less than ideal mechanical coupling to the atom
interferometer retro-reflector. In this work we outline
the design of a novel hybrid optomechanical inertial sen-
sor, where the optomechanical element is intentionally
designed for optimal integration into the atom interfer-
ometer. This optimized sensor leads to a sensor fu-
sion approach that makes the optomechanical element
itself the retro-reflection mirror of the atom interferom-
eter. The optomechanical retro-reflector (OMRR) is a
broadband inertial sensor made of fused silica, a low-loss
non-magnetic material, and incorporates a compact and
highly sensitive optical displacement sensor to read-out
the position of its inertial sensing test mass. This test
mass is also the mirror that reflects the laser beam uti-
lized for atom interferometry. Having the OMRR test
mass as the common inertial reference with the atom in-
terferometer eliminates the effect from a mismatch in the
mechanical overlap. Such a system will reduce the need
for a vibration isolation system, and provides a path for
more portable field-capable systems.
Optomechanical sensors have shown high sensitivity to
changes in acceleration over a broad bandwidth up to
10 kHz [21]. By careful selection of the materials, op-
tomechanical sensors also offer advantages against stray
electromagnetic fields, while being vacuum-compatible
and allowing a high design control of their mechanical
properties and performance. Inertial noise does not cou-
ple into the atom interferometer uniformly across all fre-
quencies. Therefore, we can design the performance and
frequency response of our OMRR for an optimal quan-
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2tum hybrid inertial sensor.
This work outlines the roadmap of our efforts to build
such a quantum inertial sensor, as well as our design con-
siderations for the required OMRR developments.
BACKGROUND
Atom interferometer
Matter-wave interference of atoms enables repeatable
precise measurement of inertial effects. Atom interfer-
ometry has been demonstrated with warm vapor, Bose-
Einstein condensates, and in the case of this work, ther-
mal cold atom clouds [10, 11]. We trap and cool an en-
semble of atoms in a magneto-optical trap (MOT), and
once this is loaded, the ensemble is released from the
trap and falls along the direction of gravitational accel-
eration. By using timed pulses of light during free fall
we can manipulate the matter-wave state of the atoms in
such a manner that we can detect the acceleration they
experienced through their corresponding phase shift. We
chose to perform interferometry with 87Rb for compati-
bility with other atom interferometer systems [20], how-
ever, this measurement principle and OMRR technology
can be applied to atom interferometry with other species.
During free-fall we use counter-propagating two-
photon Raman pulses to drive transitions between
the two hyperfine states |F = 1,mF = 0〉 and
|F = 2,mF = 0〉 of the 52S1/2 energy level of 87Rb,
which we simplify to |1〉 and |2〉, respectively. We
use these pulses to generate the matter-wave analogue
of an optical beam-splitter (pi/2 pulse) and mirror
(pi pulse) [22]. By arranging these three pulses in a
Mach-Zehnder-like configuration, pi/2 − pi − pi/2, with
a separation time between pulses T , we create a
matter-wave interferometer sensitive to inertial effects.
To meet the Raman condition required for iner-
tially sensitive interferometry [22], a two-beam counter-
propagating configuration is realized by employing a
retro-reflection mirror. For an interferometer initially
prepared in the |1〉 state, the output population of the
Mach-Zehnder-like intereferometer in the |2〉 state is
given by:
P|2〉 =
C0
2
[
1 + cos
(
∆Φ
)]
+B (1)
where C0 is the contrast of the atom interferometer, B is
the offset and ∆Φ is the total phase difference accumu-
lated between the uncommon paths after the first (pi/2)
pulse. The population P|2〉 is dependent on the phase
difference, which for an atom interferometer aligned to
measure gravitational acceleration is given by [22]:
∆Φ = ~keff · ~gT 2 + ΦIN + ΦOther (2)
where ~g is the gravitational acceleration, ~keff is the
effective wave vector difference between the two counter-
propagating Raman beams and ΦIN is the phase shift
given by the inertial noise experienced during interfer-
ometry, which we discuss further in Section . The term
ΦOther consists of additional noise contributions such as
laser phase noise [12], detection noise, and laser intensity
noise [23]. These contributions are highly system specific,
can be mitigated with careful interferometer design, and
are typically not the limiting factors for systems operat-
ing in high inertial noise environments.
The fundamental limitation to the acceleration sensi-
tivity of the atom interferometer σa comes down to the
ability to read the output population; ultimately deter-
mined by the quantum projection noise (QPN) [24]:
σQPNa =
1
keffT 2
1
C0
√
N
(3)
where N is the atom number. By designing the OMRR
performance to reach the quantum projection noise lim-
itation, we ensure that the quantum hybrid sensor sensi-
tivity is fundamentally limited by the atom interferom-
eter properties. A lower σQPNa will place more stringent
requirements on the OMRR and therefore, we assume a
full contrast level of one for this work. Similarly, we ex-
pect that the total atom number will decrease by an order
of magnitude during sub-Doppler cooling [25], relaxing
the OMRR requirements to reach the quantum projec-
tion noise limitation. However to maintain more rigorous
constraints on the OMRR, we will assume that the atom
number remains constant after loading the atoms into the
magneto-optical trap. Research is underway to improve
the atom interferometer detection beyond the quantum
projection noise, but these methods are beyond the scope
of this work [26].
Vibrations and the atom interferometer
Position fluctuations of the retro-reflection mirror δz
during interferometry will result in a wave-front phase
shift, or phase jump, equivalent to δφIN = ~keff · δ~z. From
the sensitivity formalism [12], we obtain the sensitivity
function g(t) which weights how a phase jump, δφ at a
given time t during the atom interferometer cycle affects
the total output population of the atom interferometer,
g(t) = 2 lim
δφ→0
δP|2〉(δφ, t)
δφ
. (4)
By weighting phase shifts from the mirror displace-
ment over the interferometer measurement cycle, we can
obtain the total phase shift at the output of the atom
interferometer,
∆ΦIN =
∫ ∞
−∞
g(t) dφ IN(t) =
∫ ∞
−∞
g(t)
dφ IN(t)
dt
dt. (5)
3If the change in mirror displacement is not measured
during an atom interferometer cycle, it will manifest as
an unknown phase shift, which we characterize as inertial
noise.
In frequency space, the finite measurement time of the
atom interferometer will sample the inertial noise at in-
tervals of ωn = 2pinfc. Given a background acceleration
noise power spectral density, Sa(2pinfc), over an aver-
aging time, τ , we can calculate the atom interferometer
acceleration sensitivity limit, σa, for a set of n measure-
ments through [12]:
σ2a(τ) =
1
τT 2
∞∑
n=0
|Hφ(2pinfc)|2
(2pinfc)4
Sa(2pinfc) (6)
where Hφ(ω) is the atom interferometer transfer func-
tion, which describes its response to phase noise at a fre-
quency ω, and can be derived from the Fourier transform
of the sensitivity function g(t) [12].
In a quantum hybrid inertial sensor, we track the retro-
reflector accelerations, and can therefore replace the ex-
ternal noise power spectral density Sa(2pinfc) in Equa-
tion 6 with the self-noise of the external sensor. The
self-noise of an optomechanical sensor is determined pri-
marily by the mechanical losses inherent to the resonator
materials, geometry, operating environment, defined by
pressure and temperature, and lastly by the displacement
sensitivity limits to its test mass dynamics. Using the
atom interferometer transfer function, we can design an
optomechanical sensor with parameters that allow us to
reach our intended hybrid sensor sensitivity.
Optomechanical Sensors
Our optomechanical sensors consist of mechanical os-
cillators that are monolithically fabricated from low loss
materials. Low mechanical losses enable the oscillator’s
inertial sensing test mass to achieve very high sensitivities
to external accelerations. We can observe these acceler-
ations by measuring the test mass displacement through
high-precision laser interferometry [21]. To this end, var-
ious techniques can be implemented such as optical reso-
nant cavity read-out, or homodyne and heterodyne laser
interferometry, which are discussed further in Section 3..
The optical read-out of the test mass dynamics is not
affected by external electromagnetic disturbances, which
are a major concern when operating near the switching
magnetic field coils required for atom interferometry.
When determining the required design parameters for
the targeted performance of an OMRR, we need to con-
sider the bandwidth that is governed by the resonance,
ω0, and the sensitivity of the sensor over that bandwidth.
The displacement fluctuations of the inertial sensing test
mass, z(ω), is ultimately limited by the mechanical losses
in the resonator, which are given by:
z(ω) =
√
4kBTTMkφ(ω)
ω((k −mω2)2 + k2φ(ω)2) (7)
where TTM is the test mass temperature, m is the ef-
fective mass of the test mass, kB is the Boltzmann con-
stant, k is the spring constant and φ(ω) is the frequency-
dependent loss-coefficient of the oscillator [27]. The low-
frequency behavior of the optomechanical sensor will be
less critical to the hybrid sensor, as it will be referenced to
the atom interferometer for frequencies below fc. There-
fore, the acceleration noise of the inertial test mass is
dictated, in first order, by the acceleration thermal noise
floor, δath, given by:
δath =
√
4kBTTMω0
mQ
(8)
where ω0 is the system resonance, and Q is the me-
chanical quality factor.
As shown in Equation 8, we can lower the thermal
noise by achieving high mQ-products in the mechanical
oscillator as demonstrated in [21, 28]. From these models,
we can determine the required sensor resonance ω0, in
order to measure inertial noise over a certain bandwidth,
and the mQ-product to achieve the necessary sensitivity
over this bandwidth for optimal hybridization with the
atom interferometer.
Furthermore, test mass displacement amplitudes in our
optomechanical sensors are typically very low under nor-
mal field accelerations, since their typical resonance fre-
quencies resulting from the trade-off analysis outlined
above, range from a few hundred Hz to a few kHz, leading
to a high effective resonator stiffness. Hence, test mass
displacement oscillations can be very well approximated
to those of a simple harmonic oscillator, which translate
to acceleration by the following transfer function [27]:
z(ω)
a(ω)
= − 1
ω20 − ω2 + iω0Q ω
(9)
where z(ω) is the displacement of the test mass at the
Fourier angular frequency ω and a(ω) is the acceleration.
DESIGN
Atom Interferometer Chamber Design
Atom interferometer parameters such as the pulse sep-
aration time and cycle time (Tc = 1/fc) will help deter-
mine the optimal OMRR resonance ω0 and displacement
sensitivity required. For this reason, we will briefly dis-
cuss the anticipated atom interferometer features perti-
nent to the design of the OMRR.
4We have designed a compact atom interferometer for
quantum hybrid inertial sensing experiments. The de-
sign of this atom interferometer will allow for the rapid
integration and testing of different optomechanical sensor
designs. Light for cooling, trapping, and interferometry
will be connected to MOT and interferometry telescopes
via fiber optic cables.
FIG. 1. A diagram of the proposed testbed interferometer.
The atom interferometer will consist of two separate vac-
uum systems at two different pressures; one for atom inter-
ferometry maintained at ρa ≤ 7.5× 10−8 Torr and one for
the OMRR maintained at ρb . 1× 10−4 Torr. The total
free fall distance from the center of the MOT to the detec-
tion region is roughly 130 mm corresponding to a total free
fall time of TFF = 162 ms. The lower vacuum chamber will
house the OMRR. A cutaway of the proposed OMRR can be
seen depicting the retro-reflecting test mass and support flex-
ures. Atoms are cooled and trapped at the center of the MOT
chamber (F) and once loading is complete, they are released
into free fall. The interferometry beam (I) enters the system
through the top of the MOT chamber (A) and reflected off
of the OMRR (J) along the axis of gravitational acceleration,
generating a counter-propagating configuration which satis-
fies conditions required for inertially sensitive interferometry.
During free fall, three interferometry pulses separated by a
pulse separation time T are used to generate a Mach-Zehnder-
like interferometer. Once the atoms reach the detection area
(G), the phase-dependent (Equation 1) relative output pop-
ulation of the two state system is measured, from which the
acceleration of the atoms can be determined. Although accel-
eration is discretely measured by the atom interferometer only
once per cycle Tc, acceleration as measured by the OMRR is
continuous. Signal from the OMRR can be used to correct for
vibrations occurring during atom interferometry, and the ab-
solute measurement of the atom interferometer can be used
to debias the OMRR signal at frequencies below the atom
interferometer cycle rate.
The atom interferometer sensor head will consist of two
separate vacuum chambers, one for atom interferometry
and the other for the OMRR. Maintaining a separate
vacuum system for the OMRR will allow us to easily
access and rapidly test different OMRR designs without
the need of breaking vacuum and baking out the atom
interferometry chamber each time. Both systems will be
constructed of non-magnetic Unitary 316L stainless steel
and are rigidly attached to one another. Both chambers
will share a common optical axis that will allow retro-
reflection of the atom interferometer beam through the
use of viewports, as seen in Figure 1.
Atom cloud cooling, trapping, and interferometry will
take place in the upper vacuum system in an octagonal
chamber with eight DN35CF (2.75 ′′ OD) Conflat ports
and two DN100CF (6 ′′ OD) Conflat ports. After the
MOT is loaded, the atom ensemble will be released from
the trap and eventually will fall into a cube chamber con-
nected below the octagonal chamber. This cube chamber
has six DN35CF ports that we will use for detection, and
will connect to an ion–getter pump. The target pres-
sure of the atom interferometry chamber must be suffi-
ciently low such that collisions during interferometry will
be minimal, experimentally this has been determined to
be below ρa ≤ 7.5× 10−8 Torr [29].
To reduce the effect of gas damping, we will place the
OMRR into a separate six DN35CF port cube that will
maintain a pressure ρb . 1× 10−4 Torr, a value which
reduces the gas damping losses in this element to a neg-
ligible level as experimentally determined from similarly
built sensors [28]. Atom interferometry light from the
upper chamber will pass through the bottom viewport
into the cube chamber of the lower vacuum system. We
will support the OMRR by an externally controllable po-
sitionable vacuum compatible mirror mount allowing for
alignment of the interferometry axis parallel to gravity.
For cooling and trapping, we will utilize six 9 mm di-
ameter optical beams, four of which will pass through
the DN35CF ports, and two from the DN100CF view-
ports. We will load 87Rb directly into the MOT from
a natural abundance dispenser. This arrangement will
allow for trapping in the center of the octagonal cham-
ber, and gives a total free-fall distance of approximately
130 mm, yielding a total drop time of TFF = 162 ms.
Allowing time for sub-Doppler cooling, state prepara-
tion and detection, in a purely free-fall configuration, we
anticipate a maximum pulse separation time of roughly
Tmax = 50 ms.
Final atom number and MOT loading time will be
highly dependent on eventual experimental parameters.
For a background pressure of 1× 10−8 Torr, similar atom
interferometer designs loading from a natural abundance
Rb dispenser are able to achieve MOT captures of N ≈
107 atoms within approximately 1 s of loading [29]. Us-
ing these values as a benchmark, we can estimate a shot
noise limitation of σQPNφ = 0.25 mrad and a cycle time
of Tc ≈ 1.5 s. For a pulse separation time of T = 50 ms,
we can estimate an acceleration noise floor of the atom
interferometer of σQPNa ' 6.5 nm/s2/
√
Hz.
5Optomechanical Retro-reflector Design
The optimum OMRR design will yield the lowest hy-
brid sensor acceleration sensitivity for a given atom inter-
ferometer transfer function. We can calculate this hybrid
sensor acceleration sensitivity using Equation 6, where
the acceleration noise power spectral density, Sa(2pinfc),
is taken to be the OMRR acceleration self-noise up to
the sensor bandwidth. The rationale for this is that in-
ertial noise correction using the OMRR signal can be
conducted down to the OMRR self-noise over the band-
width of the sensor. For frequencies above the OMRR
bandwidth, we use the widely-used Peterson High Noise
Model of general ambient seismic noise [30, 31] as the
acceleration power spectral density.
The self-noise of the OMRR is dependent on key pa-
rameters in the design of the OMRR such as, the reso-
nance frequency, oscillator mass, and geometrical dimen-
sions, but to first order is given by the thermal noise
floor shown in Equation 8. Fixing all mechanical proper-
ties except the resonance, we optimize the hybrid sensor
sensitivity as a function of OMRR bandwidth. Further-
more, we can use Equation 9 to determine the displace-
ment sensitivity required to resolve the self-noise at that
scale.
For this calculation, we utilize the following OMRR pa-
rameters: a) an inertial sensing test mass m = 2 g, and
b) a mechanical quality factor of Q = 5× 105; which are
typical parameters from previously constructed high and
low resonance optomechanical sensors [21, 28]. Figure 2
shows our analysis results for the hybrid sensor sensitiv-
ity as a function of the OMRR bandwidth for a pulse
separation time T = 50 ms and a cycle time of Tc = 1.5 s.
The overall acceleration linear spectral density of the
hybrid sensor is given by the atom interferometer sensi-
tivity for frequencies below the cycle rate, and above this
point by the OMRR thermal noise floor. In Figure 3, we
include the resulting quantum hybrid inertial sensor sen-
sitivity for three OMRR example designs with different
bandwidths: a) 2pi · 100 Hz (blue), b) 2pi · 500 Hz (red),
and c) 2pi ·1200 Hz (orange). Increasing the bandwidth of
the OMRR increases the overall hybrid sensor sensitivity,
however, it also significantly increases the required dis-
placement sensitivity on the OMRR test mass dynamics,
as described by Equation 9.
As shown in Figure 3, we find that a OMRR bandwidth
of 2pi · 1200 Hz is required to reach the quantum projec-
tion noise for our atom interferometer design. In order
to achieve inertial measurement sensitivities with such an
OMRR at its thermal noise floor, we require a displace-
ment sensitivity of σx ≤ 6.4× 10−18 m/
√
Hz. This level
of displacement sensitivity may be achievable with ad-
vanced and sophisticated laser interferometry techniques;
however, implementing such a test mass displacement
sensing system in a field-capable sensor is highly chal-
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FIG. 2. Calculation results of the hybrid sensor acceleration
sensitivity as a function of the OMRR bandwidth. The sen-
sitivity of the hybrid sensor at each bandwidth is determined
from Equation 6 with Sa(ω) being the mechanical noise floor
(Equation 8) of the OMRR up to its nominal bandwidth,
ω0. The step-like features as a function of bandwidth are
a result of zeros in the atom interferometer transfer func-
tion Hφ(ω) [15]. For frequencies higher than resonance, the
OMRR loses sensitivity and we assume the Peterson noise in
this regime. These plots were calculated for a T = 50 ms atom
interferometer with a cycle time of Tc = 1.5 s, an OMRR test
mass m = 2 g, and Q = 5× 105. The minimum displace-
ment sensitivity required to measure the thermal noise floor
is indicated for three OMRR resonance frequencies.
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FIG. 3. Linear spectral densities of the hybrid sensor accel-
eration sensitivity. Below the cycle frequency fc = 0.67 Hz,
the OMRR signal is referenced to the atom interferometer to
correct long term drifts. The improvement to the atom inter-
ferometer (below the cycle frequency) and mechanical noise
floor (above the cycle frequency) is plotted for three differ-
ent OMRR resonances: ω0 = 2pi · 100 Hz , ω0 = 2pi · 500 Hz,
ω0 = 2pi · 1200 Hz. The Peterson noise floor and atom inter-
ferometer sensitivity calculated using it are also plotted as a
reference.
6lenging. Higher displacement sensitivities than σx =
1× 10−16 m/√Hz over frequencies below 1 kHz have not
been reported in highly compact portable systems, but
rather only demonstrated in ground-based gravitational
wave detectors such as LIGO [32].
Conversely, we can estimate the optimal hybrid sen-
sor acceleration sensitivity for a displacement sensitiv-
ity level that can likely be realized in a portable sys-
tem. Figure 4 depicts the expected hybrid sensor accel-
eration sensitivity as a function of OMRR bandwidths
and their optimums at three different OMRR test mass
displacement sensitivity levels that we consider feasi-
ble to achieve: a) 274 Hz that corresponds to σx =
1× 10−14 m/√Hz (purple), b) 535 Hz that corresponds
to σx = 1× 10−15 m/
√
Hz (green), and c) 1015 Hz that
corresponds to σx = 1× 10−16 m/
√
Hz (red).
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FIG. 4. Calculation of the hybrid acceleration sensitivity as
a function sensor bandwidth for given (achievable) displace-
ment sensitivities: σx = 1× 10−14 m, σx = 1× 10−15 m and
σx = 1× 10−16 m. The optimal sensor bandwidth yielding
the best hybrid sensor acceleration sensitivity is indicated
on each plot (solid diamond), and corresponds to a value of
2pi· 274 Hz, 2pi· 535 Hz, and 2pi· 1015 Hz, respectively. A sensor
with a bandwidth 2pi· 1015 Hz would yield an optimal sensor
in line with previous optomechanical sensors which achieved
displacement sensitivities of σx ≤ 1× 10−16 m/
√
Hz. Achiev-
ing higher displacement sensitivities will allow us to reach the
atom interferometer quantum projection noise.
Previous optomechanical sensors [21] have
demonstrated displacement sensitivities of
σx = 2× 10−16 m/
√
Hz utilizing Fabry-Perot in-
terferometry. Taking these results as a reference,
σx ≤ 1× 10−16 m/
√
Hz, we obtain an optimum trade-off
between hybrid sensor sensitivity and required displace-
ment sensitivity for a resonance of ω0 = 2pi · 1015 Hz.
Such a system yields a quantum hybrid inertial sensing
sensitivity of σHSa = 1.02× 10−8 m/s2/
√
Hz. The result-
ing acceleration sensitivity for each of the three hybrid
sensor configurations outlined in Figure 4, is shown as
the corresponding linear spectral densities in Figure 5.
We designed the OMRR as a drumhead mechani-
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FIG. 5. Acceleration linear spectral densities of the hybrid
sensor for a ω0 = 2pi · 1015 Hz sensor at displacement sen-
sitivities σx = 1× 10−14 m in purple, σx = 1× 10−15 m in
green, and σx = 1× 10−16 m in red, respectively. Below the
cycle frequency (fc = 0.67 Hz) the OMRR is referenced to the
atom interferometer, and the atom interferometer sensitivity
is calculated from Equation 6. As reference levels, we include
an estimate of the uncorrected atom interferometer sensitivity
(black dashed-dotted line), as well as the quantum projection
noise (grey dashed line). These are calculated using the Pe-
terson High Noise Model (grey dotted line). Above the atom
interferometer cycle frequency, the displacement limitation is
plotted.
cal oscillator that will allow us to place and quasi-
monolithically attach a fixed mirror to the sensor in order
to complete the Fabry-Perot cavity to be used to mea-
sure the OMRR test mass displacement. We will coat the
OMRR test mass on one (the inner) side with a highly re-
flective layer for 1560 nm light, as part of the Fabry-Perot
optics, and on the other (outer) side to reflect the Raman
beam at 780 nm that is used for atom interferometry.
Physically, we are constrained to the dimensions of the
2.75 ′′ chamber cube shown in Figure 1, which has a bore
distance of ∅ = 38.1 mm. We run numerical analysis us-
ing COMSOL to determine a sensor design of suitable di-
mensions for this vacuum chamber. The optimized design
yielded a cylindrical sensor with resonance 2pi ·1013.9 Hz,
a frame diameter of 35.5 mm and a height of 27.9 mm.
The test mass of the OMRR has a diameter of 17.3 mm,
thickness of 3.6 mm, and mass of 2.3 g. The test mass is
supported by four flexures; each flexure has a length of
7.6 mm, width of 5 mm, and thickness of 310 µm.
We modeled the dynamics of the OMRR sensor to in-
clude bulk, surface, and thermoelastic losses [28], and
conducted a finite element analysis to determine the first
three mechanical modes, which are a) the fundamental
test mass displacement mode at ω0 = 2pi · 1013.9 Hz, b)
a tip-tilt mode at ω1 = 2pi · 2045.4 Hz, and c) a trans-
lational displacement mode at ω2 = 2pi · 18.4 kHz. Fig-
7ure 6 illustrates the fundamental oscillation of the sen-
sor, as well as these higher order modes. Under a change
of acceleration of 1 g, the maximum displacements for
each mode are 2× 10−7 m, 6× 10−8 m and 7× 10−10 m
respectively. We designed the OMRR mechanics such
that the frequency separation between the fundamental
mode and higher order modes, as well as any intermodal
beats, occur at frequencies higher than ω0 to minimize
cross-talk.
FIG. 6. Modal finite element analysis of the fundamental
and higher order harmonics of the OMRR. Color indicates
displacement from equilibrium, with red representing no dis-
placement, and white representing the maximum. The first
harmonic is ω1 = 2pi · 2045.4 Hz and the second harmonic
is ω2 = 2pi · 18.4 kHz. Intentionally, the OMRR has been
designed such that higher harmonics are high enough in fre-
quency to avoid intermodal beat notes at frequencies at or
below the fundamental resonance, ω0.
CONCLUSION
In this article we presented our rationale, analysis, and
design considerations for a quantum hybrid inertial sen-
sor using atom interferometers with optomechanical in-
ertial sensing retro-reflecting mirrors. Our analysis re-
sults show that by carefully designing and implementing
a well-matched OMRR to a given atom interferometer,
it is possible to enhance its functionality for field deploy-
ment, yielding an inertial sensor of overall higher perfor-
mance in acceleration sensitivity and observation band-
width. Our analysis is based on previous results demon-
strated by both atom interferometers and optomechan-
ical inertial sensors and outlines our development path
for a compact quantum hybrid inertial sensor that we
will use in upcoming experiment studies.
From these results we obtained an OMRR sensor de-
sign with a resonance of ω0 = 2pi · 1013.9 Hz, which
when combined with our atom interferometer design,
yields an expected combined noise floor on the order
of σHSa = 1× 10−8 m/s2/
√
Hz over a combined measure-
ment bandwidth from DC to 1 kHz.
Forthcoming research activities encompass fabrication
and testing of OMRR candidates, as well as integration
and operation with our atom interferometer, outlined in
Figure 1. We will then perform tests of the resulting
quantum hybrid inertial sensor in vibrationally noisy en-
vironments, correcting the coupling of inertial noise to
the matter-wave phase using the OMRR observations,
which will ultimately reduce the size and weight of the
overall system by sparing the need of large and heavy
vibration isolation platforms.
We expect that these improvements will increase the
deployment capabilities of compact high-accuracy quan-
tum inertial sensors in the field.
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